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ABSTRACT 
This work aims to evaluate the influence of welding parameters, current intensity and deposition speed, on the 
bead geometry, dilution, morphology and properties of a nickel-based alloy coating. For this, single beads of 
Inconel 625 alloy were deposited on the substrate of ASTM A36 Steel, by PTA-P process. The samples were 
sandblasted and polished. The samples were chemically etched by a solution of 92 mL HCl, 3 mL HNO3 and 5 
mL H2SO4 for 5 minutes. The geometry of the beads (reinforcement height, bead width, penetration and contact 
angle) was measured through the digital stereoscope microscope. The microstructures of the cross sections were 
evaluated by optical microscopy and scanning electron microscopy (SEM), to identify the possible presence of 
precipitated phases in the ferrite matrix. The chemical composition of these present phases, as well as the 
diffused iron content from the substrate for the coating, were measured by EDX. The type of the phases 
precipitated by x-ray diffraction in the top samples of the coating were also evaluated, in 1.5 mm height of 
reinforcement. For mechanical property analysis, the microhardness of the coatings was measured by Vickers 
microhardness test to evaluate their relationship with the iron present in the coatings, which diffused from the 
substrate. The results confirmed the influence of welding parameters on coating dilution - Current is the 
parameter of greatest response. The morphologies of the coatings were presented as a γ matrix with second phase 
precipitation composed of Ni, Nb, Cr and Mo. The concentration of these precipitations decreased with 
increasing dilution. This occurred because of the increased migration of Fe present in the substrate of the coating 
through the diffusion phenomena, with increasing dilution. The Fe reduced the solubility of Nb and Mo of the γ 
matrix, causing the decrease of its hardness. 
Keywords: Plasma Transferred Arc, Inconel 625 Alloy, Bead geometry, Dilution.
1. INTRODUCTION 
To reduce maintenance downtimes, many manufacturing industries use continuous processes to improve 
performance of parts working under aggressive conditions [1]. One promising way to mitigate aggressive effects 
on metal surfaces is to avoid contact with corrosive environments by coating the surface with nobler materials. 
Superalloys are alloys with high resistance to heat, corrosion, and oxidation, therefore its presence in the 
aerospace and chemical industries, power plants and in other applications needing high thermal and corrosion 
resistance components [2,3]. There are three major groups of superalloys, considering the main chemical element 
in its composition: nickel-based superalloys, cobalt-based superalloys, and iron-based superalloys [4,5]. 
            Ni-based coatings are widely used to improve the oxidation and corrosion resistance as well as the wear 
performance of less expensive materials such as medium alloy [6,7,8,9,10,11]
 
           The Inconel 625 has high corrosion resistance and high ductility, which makes it a potential material for 
surface modification of oil and gas components [12]. Due to its excellent combination of mechanical properties, 
weldability and corrosion resistance at high temperatures, over long exposure in aggressive atmosphere, is 
widely used in aeronautical, aerospace, chemical, petrochemical and marine industries [13,14]. 
            The alloy is hardened by the addition of molybdenum and niobium, which act in the segregation of the 
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liquid, in the final solidification reactions, forming the γ" phase. It also holds a high rate of chromium in its 
composition, which together with molybdenum, take part in increased resistance to oxidation and corrosion [13].  
           The microstructures found in the process are composed of an austenitic matrix, with the presence of 
intermetallic carbides of fine alloys [13]. The generation of carbides (MC, M23C6 and M6C) and precipitates 
(Ni2Cr, Mo) occur between temperatures (625 - 925 ° C). Dilution of these particulates is noted at 1025 ° C. 
            Several processes are used to produce a weld coat in nickel-based alloys, such as: GMAW, GTAW and 
blast welding, as well as PTA [1]. The main advantage of the latter is its higher deposition rate, associated with a 
lower heat consumption [15,16,17]. The reduction of the thermal input, on the other hand, implies in the 
decrease of the dilution. Thus, the chemical composition and coating properties stay closer to the filler metal 
than the substrate, with only one pass performed, reducing material and operating costs.  
           The process parameters that interfere the most in the bead geometry and coating dilution are current and 
deposition speed [18,19]. The deposition current has the major influence in the dilution, since small variations in 
its values cause a considerable increase in the dilution results [1,20]. According to [22,15,18,20], in their studies 
in commercial alloys, the welding current has a direct proportionality ratio with the dilution, in this way the 
dilution increases as a consequence of an increase in current. This is due to the thermal input rise, generated by 
the increase in welding current [15]. The deposition speed has an inverse proportionality relation with the 
dilution; therefore, the dilution percentage decreases with the increase of the speed. This is due to the low 
thermal input supplied per unit length to the weld under high speed conditions. 
            The increase of the dilution due to the welding energy causes the iron to replace elements such as 
niobium, molybdenum and tungsten, which harden the matrix by solid solution, while decreases the precipitation 
of secondary phases. [21] 
             This research’s main goal was to evaluate the current and speed parameters of the PTA-P process, on the 
geometric and metallurgical properties of the Inconel 625 alloy coating, deposited on the substrate of ASTM 
A36 steel. Thus, weld bead geometry was evaluated (bead width, reinforcement height, penetration, contact 
angle), dilution degree and microstructure, in relation to welding process parameters (welding current and 
welding deposition speed).  
2. MATERIALS AND METHODS 
ASTM A36 steel specimens with dimensions of 100x100x7.5mm were coated with Inconel 625 alloy powder, 
with a particle size ranging from 50-153 μm, through the plasma transferred arc process and their compositions 
are shown in Table 1, respectively.  
Table 1: Ni-based alloy and substrate composition, respectively. 
ATOMIZED INCONEL 625 ALLOY 
Alloy %Ni %Cr %Mo %Si %C %Fe %Nb %Ti %Al 
Nickel-based IN 
625 
Bal. 21.5 9.0 0.40 ≤0.03 1.4 3.8 - - 
SUBSTRATE STEEL 
Substrate %C %Mn %Si %P %S %Cr %Ni %Mo %Al 
ASTM A36 0.26  - 0.40 0.04 0.05 - - - - 
 
           The coatings were deposited as singles beads. Different process conditions were analyzed in order to 
evaluate the effect caused by the variation of the welding current and deposition speed values, on the dilution 
and geometry of the weld beads. Table 2 shows coatings conditions of the samples, that were labelled according 
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Table 2: Coatings samples labelled according to the process parameters used.  
SAMPLES CURRENT (A) DEPOSITION SPEED 
(mm/min) 
C160S8 160 8 
C160S10 160 10 
C180S8 180 8 
C180S10 180 10 
Table 3: PTA deposition parameters 
PARAMETERS VALUES UNIT 
Plasma gas flow 3 l/mm 
Flow of shielding gas  14 l/mm 
Powder feeding gas  2 l/mm 
Torch oscillation frequency  0.8 Hz 
 Torch-part distance 12 Mm 
Electrode diameter  4 Mm 
Electrode sharpening angle 30 ° 
Powder feed rate Constant in volume - 
Frequency 0,8 Hz 
 
           The dilution was calculated by the ratio between the area of the molten substrate (B) and the total area of 
the bead (A + B), melted during the process, according to equation (1). The beads’ geometries (reinforcement 
height, penetration depth, cord width and wettability angle) were measured using AxioVision 4.2 digital image 
processing software. The measured geometries are shown in Figure 1. 
 
Figure 1: Representation of a coated sample profile. A: molten substrate area after coating process, B: total molten area after 
coating. 
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           The microstructures were evaluated using Optical microscopy (OM), Scanning Electron Microscope 
(SEM) and elemental mapping by Energy Dispersive X-ray Spectroscopy (EDS). The precipitated phase fraction 
was measured using AxioVision SE64 software. 
            Specimens were prepared through automatic metallographic polishing, using the automated polishing 
machine Tegramim-20/Strues. Four steps were followed, beginning with # 220 sandpaper, going through two 
diamond suspension polishing routines with 9 µm and 3 µm grain size, respectively, and lastly undergoing a 
polishing silica suspension with 0.04 µm grain size. Subsequently, it was performed a chemical etch for 5 
minutes, using a solution of 92 mL HCl, 3 mL HNO3 and 5 mL H2SO4, at room temperature (23° C). 
             𝜃-2𝜃 X-ray diffraction analysis (XRD) on ground and polished top surface of coatings was carried out 
using Cu-Ka radiation, with 2theta angle from 10 to 120º and time of exposed channel of 1s. The stationary 
parameter used in analysis were, 0,05° sampling pitch and a 3°/ minute speed scan. The results were analyzed 
using the software HighScore Plus and COD (Crystallography Open Database) was used as a standard of 
analysis. 
             Vickers Microhardness test profiles under 100gf were measured on the transverse section to check the 
uniformity of the single layers and the results were presented as the average of three measurements. 
3. RESULTS AND DISCUSSION 
3.1 Effect of the welding process parameters in the dilution process 
The effect of the welding process parameters on the dilution process was investigated through the morphological 
study of the weld bead. Figure 2 shows macrographs of the weld bead region obtained by means of a 
stereomicroscope for the different conditions studied. The red lines in the figure represent the boundary between 
the substrate and the deposited metal. 
 
Figure 2: Cross-sectional analysis of the weld beads from different welding parameters: (a)C160S8 (b)C160S10 (c)C180S8 
(d)C180S10 
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           The beads obtained presented good aspects, absence of surface defects as cracks, porosity, bites, lack of 
fusion and interface defects, indicating that the alloy processing parameters on the steel were adequate. The 
mean values of height of reinforcement, penetration, weld bead width, contact angle and dilution are reported in 
the Table 4. 












C160S8 2.70 ± 0.03 0.55 ± 0.02 18.11 ± 0.11 37.69 ± 0.10 5.81 ± 0.63 
C160S10 2.95 ± 0.03 0.25 ± 0.02 15.79 ± 0.43 39.79 ± 1.63 3.66 ± 0.79 
C180S8 2.52 ± 0.04 0.85 ± 0.04 18.33 ± 0.34 26.27 ± 1.04 19.46 ± 1.33 
C180S10 2.62 ± 0.03 0.68 ± 0.05 16.73 ± 0.18 28.03 ± 0.63 16.84 ± 0.27 
 
            As can be observed in the Table 4, the increase of welding current intensified the dilution process. 
Comparing the C180S10 and C160S10 samples, it can be observed that the samples with lower current intensity 
(160A) showed lower dilution percentage (3.66%). Similar results were obtained by SIVA, MURUGAN, and 
RAGHUPATHY [15], who identified that the increase of the current implies in the increase of the metal dilution 
and the width of the weld bead, resulting in increased deposition area.  
            This increase in the dilution percentage as the welding current rises can be attributed to the intensification 
of the thermal input. According to TAKANO, QUEIROZ, and D’OLIVEIRA [18], the most impactful parameter 
of this processes is the intensity of the current, that significantly affects the characteristics of the deposit. They 
state that the greater the intensity of the process current, the higher the wettability and consequently, so the 
higher the dilution level, resulting in a lower coating hardness. 
             According to SIVA, MURUGAN, and RAGHUPATHY [15], the increase in welding current increases 
the thermal input in the substrate, resulting in a higher deposition. BALASUBRAMANIAN [22] adds that when 
in low currents, the heat generation is smaller and most of it is used to melt the powder. Thus, less heat is 
available to melt the substrate of the material after the consumable meltdown. 
             SIVA and BALASUBRAMANIAN [15,22] investigated the effect of different welding parameters 
(current, speed, torch oscillation and powder deposition rate) in the process of coatings obtained by PTA in AISI 
1040 and ASTM A105 steel. The researchers also showed the current as being the factor that most influenced the 
dilution process, which reinforces the results obtained in the present work. 
             By comparing the samples C180S8 and C180S10, it was seen that in the sample at a lower speed 
(8mm/min), a more pronounced dilution process (19.46%) occurred. This can be explained by the fact that the 
lower the deposition speed, the higher the thermal input and, so, the greater the dilution. 
BALASUBRAMANIAN [22] also found the dilution process intensification at lower velocity values, attributing 
this behavior to the intensification of the energy supplied. Related results were found in SIVA, MURUGAN, and 
RAGHUPATHY [15], which showed that the increase in deposition speed, in general, leads to a decrease in 
dilution. According to the author this is attributed to the reduction of the thermal input per unit length of the 
bead. 
             There is a relation between the welding parameter and the thermal input that repeats along the analysis 
of the bead’s geometries. A higher speed implies in lower inputs, while higher currents result in higher thermal 
inputs, as shown in Table 4. 
              A greater penetration of the coating into the substrate was seen when the welding current value was 
higher, with the highest penetration value of 0.85mm, for the sample C180S8. The lowest penetration value was 
obtained for the sample C160S10, which also presented the lowest value for the weald bead width (15.79 mm). 
Although the sample C160S10 showed the highest value for the reinforcement height (2.95 mm), resulted in the 
lowest dilution value obtained. The penetration has a direct relation with the increase of the thermal input. This 
is because the thermal input increases the available energy for the melting of the substrate, resulting in greater 
penetrations. The conditions of lower penetrations are obtained in condition C160S10. 
            With the increase of the welding energy, the reinforcement heights decrease. The reinforcement heights 
were smaller for condition C180S8, which presented greater thermal input. 
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The weld bead width also was influenced by the welding energy. The condition C180S8 which presented 
the highest welding energy, resulted larger cord widths. 
According to ANTOSZCZYSZYN [1], very high wetting angles can cause lack of fusion and voids between the 
cords, therefore smaller angles are preferred. The contact angles, as they are also known, behave inversely to the 
increase in welding energy. Therefore, the condition C180S8 showed the lowest contact angles. 
3.2 Morphology and composition of the coating 
Figure 3 shows the optical microscopy images of the coatings deposited on different processing conditions. The 
coatings presented solidification dendritic microstructure, composed of a hypoeutetic structure with Nickel 
dentrites γ (Ni, Fe - FCC). 
 
Figure 3: Optical microscopy images of the coatings deposited on different processing conditions 
            It wasn’t found any significant microstructural difference among the dilutions studied. However, it is 
possible to note that, in the weld metal, the resulting dendrites have different orientations in some regions of the 
specimen, that is, a different growth direction. According to KOU [23], this happens because the grains nucleate 
and grow in thermal gradient direction, as the heat flow does not have a continuous direction in the melting pool, 
those grains that present a more favorable orientation will block the growth of others. 
            The cross-sectional metallographs, obtained by SEM, under different conditions of welding parameters, 
are shown in Figure 4. 




Figure 4: SEM morphology of coatings prepared by PTA deposition: – (a) C160S8; (b) C160S10; (c) C180S8 e (d) 
C180S10; 
            SEM results show that, for coatings obtained with higher current values (Figure 4(c) and Figure 4(d)), 
there was a lower incidence of formed precipitates. 
            The microstructure of the coatings has similar characteristics, a matrix γ with presence of secondary 
phase as shown in Figure 4. It is possible to observe in Table 5 that the increase in dilution implies in the 
concentration decrease of the precipitated phase. 
Table 5: Correlation between dilution and concentration of precipitated phase. 
SAMPLES DILUTION (%) 
CONCENTRATION OF PRECIPITATED 
PHASE (%) 
C160S8 5,81 4.22 
C160S10 3,66 4.32 
C180S8 19,46 1.19 
C180S10 16,84 3.52 
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Table 6: Elemental chemical compositions obtained in the EDS test of the coatings. 




 Fe Ni Cr Nb Mo 
C160S10  3.66  6.82 63.93 23.43 3.29 7.68 
C160S8  5.81  11.78 62.32 22.94 2.93 7.41 
C180S10  16.84  26.03 53.63 20.47 2.52 6.43 
C180S8  19.46  28.83 53.36 20.3 2.47 6.14 
 
As shown in  
Table 6, the Fe percentage shown in the coating is closely related to the dilution process. It is noted that 
the plain concentrations of iron in the coatings vary with their percentages of dilution, this is due to the migration 
of iron from the substrate to the coating by the diffusion process. According to BANOVIC, DUPONT, and 
MARDER [24] this migration has the intensity increased with increasing dilution. 
             In the case of Ni, Cr, Nb and Mo, the increase in dilution causes a decrease in the content of these 
elements. with the increase of the dilution, increases the participation of the iron in the welding metal and with 
this occurs the reduction of the solubility of elements, like niobium and the molybdenum. These elements 
migrate naturally into the interdentritic liquid during the welding metal solidification process. 
             Chemical mapping analyzes by EDS were fulfilled in the samples, aiming to identify the elements 
present in the precipitates. Figure 5 presents the result of the analysis performed on sample C160S10, which 
corresponds to the highest concentration of precipitates. Similar results were obtained for the other samples. 
 
Figure 5: Precipitation analysis of the sample C160S10 by Elemental mapping of EDS.  
            The composition of the matrix (γ-phase) presented the elements Ni, Cr, Fe, Mo, and Nb. The elements 
Ni, Cr and Mo are the main constituents of Inconel 625. The precipitation regions show an intense presence of 
Mo and Nb elements, which can be seen through a remarkable blue and red coloration observed, respectively, in 
the mapping of these elements. This is due to Fe diffusion from the substrate to the welding metal, causing the 
solubility decrease of elements Mo and Nb. Related results were obtained by BANOVIC, DUPONT, and 
MARDER [24]. 




Figure 6: XRD diffractogram of the coatings obtained by PTA. 
            From the x-ray analysis Figure 6, it was possible to confirm the formation of γ (Ni, Fe-FCC), Ni3Nb as γ’ 
phase and carbides of Niobium and Molybdenum were found, for all deposition conditions. Similar results were 
expected, since the EDX analysis confirmed the presence of high niobium content in the precipitate (γ’ phase). 
The results were consistent with the results found in the study of ANTOSZCZYSZYN [1].  
3.3 Microhardness Test 
Figure 7 shows the results of the hardness test performed on the coatings obtained by different welding 
parameters. In general, it is possible to note a tendency towards lower hardness values in the coatings with 
higher dilution values. 
            As can be seen, samples that were produced in higher currents (C180S8 and C180S10) had lower 
microhardness values. Comparing the microhardness for these two samples, it was shown that the sample 
C180S8, obtained from a lower speed (8mm / min), showed the lowest values. This occurs due to the 
substitution of the matrix alloying elements by Fe, which migrates from the substrate to the welding metal. In 
this way, the solubility of elements such as Nb – responsible for the solid solution hardening of the matrix – is 
reduced, resulting in a secondary phase precipitation decrease [21]. The microhardness results agree with the 
other results previously presented. 
 
Figure 7: Effect of welding parameters in microhardness of PTA coatings 




This work evaluated the impact of the dilution on coatings based on nickel superalloy, Inconel 625, deposited by 
plasma with transferred arc (PTA-P). Single beads were deposited on ASTM A 36 steel, with different 
parameters of welding current (180 and 60A) and deposition speed (8 and 10mm/min). 
The main contributions on the topic were listed below: 
            The results confirmed the influence of coating dilution and welding parameters on weld beads geometry. 
The characteristics of the beads and the percentage of dilution varied according to the welding energy applied to 
the process. The welding energy increased alongside welding current and decreased as the deposition speed 
increases. Both penetration, bead width and dilution increased with increasing process welding energy, while the 
contact angle and the height of reinforcement decrease with the increase of this energy. 
            Coatings morphologies were presented as a γ matrix with second phase γ’ precipitation composed Ni3Nb. 
The beads morphology was constituted by a gamma matrix, composed of a substitutional solution between the 
nickel and the iron present in the addition metal and the steel respectively. The γ 'phase is Ni3Nb precipitated 
throughout the matrix. 
            These precipitates concentration decreases as the dilution increases. This occurred due to the increase of 
Fe migration, present in the substrate of the coating, through the diffusion phenomenon. Fe caused a reduction in 
the element’s solubility, the same as Nb and Mo, which are solid solution hardeners of the matrix. Due to that 
phenomenon, the matrix had its hardness reduced. 
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